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Intrauterine exposure to reduced nutrient availability can have major effects in determining susceptibility to
chronic disease later in life. Martı´nez et al. (2014) demonstrate multigenerational effects of poor maternal
nutrition and evidence of germline transmission through alterations in DNA methylation.Mounting evidence suggests that an indi-
vidual’s early life environment can set a
trajectory of health or disease across the
lifespan (Barker and Thornburg, 2013).
Adverse exposures during development
may alter the establishment of epigenetic
markings that are subsequently main-
tained through replication. Modifications
induced early in life may have greater
phenotypic impact than changes induced
later in life, as they are amplified to a
greater extent by the high rate of cellular
replications and cell fate decisions occur-
ring during development. In this edition of
Cell Metabolism, Martı´nez et al. (2014)
take the developmental origins of adult
disease concept a step further by showing
the multigenerational effects of poor
maternal nutrition. They demonstrate that
intrauterine undernutrition inmalemice in-
duces alterations in lipidmetabolism in the
livers of F2 generation offspring exposed
to normal intrauterine conditions, chal-
lenging the long-held view that acquired
traits (i.e., those inducedbyenvironmental
exposures) are not transmitted to subse-
quent generations. The authors show
that altered lipid metabolism is in part
due to reduced expression of liver X re-
ceptor-alpha (Lxra), a key lipogenic tran-
scription factor, in the liver of F2 males.
In addition, hypomethylation in the leader
sequence of Lxra is found in F1 sperm,
F2 fetal liver, andF2 adult liver and skeletal
muscle, suggesting that these pheno-
typic traits may be transmitted to subse-
quent generations through modifications
in epigenetic marks in gametes.
The work by Martı´nez et al. is paradigm
shifting in terms of the multigenerational
implications that environmental exposures
in pregnancy may have. At the same time,
it raises many new questions about how
the transmission of acquired phenotypictraits to subsequent generations might
occur. As the authors discuss, recent evi-
dence suggests that methylation may not
be completely erased during gametogen-
esis as previously thought (Wang et al.,
2014). Additionally, the establishment
of de novo methylation patterns during
development likely does not occur in isola-
tion, but rather DNA methyltransferases
function within the context of nucleo-
somal templates (Che´din, 2011). Although
the DNA methylation changes associated
with Lxra are quite small, in the order of
2%–5%, the significance of these differ-
ences is more credible because Martnez
et al. also demonstrate enrichment of
repressive histone marks, reduction of
active histone marks, and involvement
of transcription factor binding sites that
would contribute to reduce expression of
Lxra. It is increasingly clear that epigenetic
regulators cannot be considered singly as
staticmarkings on a linear strand of helical
DNA, but rather are best considered as
components of a moving three-dimen-
sional structure with multiple levels of in-
teracting features.
As is commonly seen in epigenetic
studies, the interpretation of differential
methylation is also complicated by the
fact that each cell type has a distinctmeth-
ylome.At anygivenCpGsite, thecystosine
residue will be either methylated or unme-
thylated. Although methylation itself is
binary, results of methylation assays are
generally presented as percentages that
represent the percent of sampled cells
that are methylated at a given locus of in-
terest. Comparison of quantitative mea-
suresofmethylationbetween twosamples
is only straightforward when the distribu-
tion of cell types among the samples re-
mains constant. Differentially methylated
regions (DMRs) can be used to identifyCell Metabolismspecific cell lineages with high reliability
(Baron et al., 2006). Conversely, shifts in
the distribution of cellular subpopulations
canbe inferred fromgenome-widemethyl-
ation data so that statistical adjustments
can be made to account for cell mixture
effects (Houseman et al., 2012). New
analytical methods that are not dependent
on availability of reference methylation
data sets are also being developed, which
is particularly important for the study of
placenta and other tissues comprised of
cell types for which reference data sets
do not exist (Houseman et al., 2014). Tools
such as these hold tremendous promise
moving forward for whole-tissue and epi-
genome-wide association studies that will
enable us to capitalize on the large number
of banked blood and tissue samples from
longitudinal human cohort studies.
If the methylation changes described
are not a result of cellular subpopulation
artifact, understanding how such a small
shift in methylation status in a minor pro-
portion of cells disrupts metabolic func-
tion is still perplexing, particularly given
the robustness of the phenotype of the
exposed offspring and the reproducibility
ofmaternal undernutritionmodels.Quanti-
fication of DNA methylation gives us a
snapshot of methylation status at one
given time point and may not capture the
natural or stochastic variability of epige-
netic regulation that occurs over time.
High variability in regulatory controls may
provide the potential for adaptability to a
changing environment, but variability may
be detrimental when occurring in path-
ways critical to cell survival. Comparisons
of DNA methylation between groups are
generally aimed at identifying differences
in average methylation levels in a popula-
tion of cells from one individual, which is
then averaged among theother individuals19, June 3, 2014 ª2014 Elsevier Inc. 893
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Previewswithin an experimental group. Measure-
ment variability is often considered
‘‘noise’’ stemming from technical sources,
but variabilitymay also occurwhen pertur-
bations cause disruptions without consis-
tent directional change (hyper- or hypome-
thylation) in different individuals. Standard
statistical methods may not be aimed at
identifying unusually variable regions, or
these may not be interpreted as potential
contributors to regulatory dysfunction.
Examining the presence and distribution
of variability in epigenetic regulatorymarks
may enable us to identify the parts of the
genome that are most susceptible to
perturbation by environmental exposures.
In summary, Martı´nez et al. provide
convincing evidence that maternal health
has significant repercussions not only894 Cell Metabolism 19, June 3, 2014 ª2014for the metabolic health of offspring,
but also for the subsequent generation,
as epigenetic regulatory modifications
may be transmitted through gametes.
The work prompts us to critically examine
the evidence supporting widely accepted
fundamental concepts in biology and to
make use of an ever-expanding arma-
mentarium of investigative tools available
to us. Finally, the demonstration of the
multigenerational effects of poor maternal
nutrition gives us to reason to reflect on
how mother-child health is prioritized
from a public health policy perspective.REFERENCES
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Althoughmounting evidence inmammals suggests that certain ancestral environmental exposures can influ-
ence the phenotype in future generations, mechanisms underlying such intergenerational information trans-
fer remain unclear. A recent report suggests that RNA isolated from sperm can inform offspring of a father’s
history of early life trauma (Gapp et al., 2014).The last decade has seen a dramatic
resurgence of the once-discredited
idea that ancestral environmental condi-
tions can influence the phenotype of
future generations—such intergenera-
tional transfer of information is often
called ‘‘the inheritance of acquired char-
acters,’’ or (incorrectly) ‘‘Lamarckian in-
heritance.’’ As mothers play a far greater
role in provisioning for early development
than fathers, particularly in mammals,
maternal environmental conditions can
impact offspring both via environmentally
directed molecular changes in the oocyte
and by direct effects of maternal factors
on the developing fetus. In contrast,
fathers contribute mostly just sperm to
the developing offspring, making themechanisms responsible for intergenera-
tional information transfer in paternal
effect paradigms both experimentally
tractable and of great interest (Rando,
2012).
An expanding number of paradigms link
paternal environmental exposures to
phenotypic traits in offspring, with the
two dominant types of exposure history
being dietary perturbations (high-fat diet,
etc.) and various psychological stress
conditions. Examples of the latter include
chronic variable stress and social-defeat
stress (Dietz et al., 2011; Rodgers et al.,
2013). In a recent issue of Nature Neuro-
science, Mansuy and colleagues focus
on paternal effects using an ‘‘MSUS’’
paradigm—maternal separation coupledwith unpredictable maternal stress—to
induce early life stress (Gapp et al.,
2014). Male mice subject to MSUS
showed depression-like behavior in adult
life—spending more time floating in a
forced swim test, for example—and
passed on a depressive proclivity to their
progeny. In addition, metabolic disorders
are a common outcome of early life
stress, and both MSUS males and their
offspring exhibited reduced insulin levels
at baseline.
How do paternal diet and stress influ-
ence offspring? The likeliest scenario is
that epigenetic information is delivered
to the zygote by sperm, although alterna-
tive information carriers such as seminal
fluid are often overlooked in such studies.
